Despite the growing number of reports in the literature identifying sex-related differences in cardiac function in both rodents and humans, the underlying mechanisms have yet to be determined. Here, variables of experimental studies such as diet, animal model utilized, and age, in addition to sex hormones and other factors that may play a role in sex-related variations in cardiac responses to various pathophysiological conditions are discussed, suggesting that current approaches used in the study of cardiac disease require reevaluation.
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There are numerous health problems that are affected by gender. Women are more susceptible than men to depression, osteoporosis, asthma, lung cancer due to smoking, and autoimmune disease (1) . Gender effects in disease are complex, however, as exemplified by the observation that while the incidence of melanoma is slightly higher among women than men, mortality from melanoma is higher in men. Not all medical problems show gender dimorphism. For example, males do not differ from females in terms of their responses to infection (1) . When it comes to heart disease, generally, of those individuals diagnosed with heart disease, women fare much better than men. Little is known about the basis for this difference in cardiovascular disease. Much focus has been placed on the potential cardioprotective role of estrogen. However, the recent finding that estrogen replacement in postmenopausal women actually increased heart disease has challenged this view (2) .
Deriving a coherent view of potential players in sexdependent differences in the heart requires analysis of both the clinical literature and the literature on sex-dependent differences in the cardiovascular system of laboratory animals. There is a major limiting factor in comparing rodent laboratory studies: the vast majority have been carried out on males only. However, this limitation appears to be changing. In the past year, a number of studies have appeared in which both males and females have been analyzed. An article in a recent issue of the JCI by O'Connell et al. (3) provided a glimpse into what promises to be a new way of thinking about genetic sex. In this report, the authors found that the α 1 -adrenergic receptors are critical in determining heart size and the ability of the heart to respond to both pathologic and physiologic stimuli, but only in male animals. Intriguingly, this sex-related difference did not disappear following ovariectomy of females. This article will discuss the fact that sex is an extremely potent modifier of the myocardium and will identify which pathways have been implicated in some of these differences. I hope it will become clear that future research should focus on the mechanisms by which both sex and diet can modify cardiovascular phenotypes.
Sex-related differences in normal male and female hearts in human cardiac disease What are the sexually dimorphic cardiovascular differences to which I refer? Before puberty, there are no statistically significant sex-related differences in heart size (4). After puberty, absolute heart mass is greater in men than in women by about 15-30% (5). Both males and females start out with the same number of cardiac myocytes and the size of their myocytes is initially the same. Therefore, it appears that male myocytes undergo a greater degree of hypertrophy during normal postnatal growth than their female counterparts. In terms of normal function, echocardiography has demonstrated better diastolic function in young women compared to age-matched men, and with aging, men have a decrease in systolic function that is not observed in women (6) .
In the most common forms of cardiovascular disease, premenopausal women show a much better prognosis than men. Women show supranormal contractility with increased wall thickness compared to men with similar degrees of aortic stenosis, hypertension, aging, and hypertrophic cardiomyopathy (HCM). Men have poor contractility, chamber dilation, and wall thinning (7) (8) (9) (10) (11) (12) (13) (14) . Is the more favorable prognosis for females due to the cardioprotective properties of estrogen? It is probably not that simple. I say this because of the now famous study that showed that hormone replacement therapy increased cardiovascular events in postmenopausal women (2, 15) . Further, it is not always the case that women fare better than men in cardiovascular disease. In cases of idiopathic dilated cardiomyopathy, females have a significantly poorer prognosis than males (16) . Women are also more sensitive to alcohol-induced cardiac disease (17) . In addition, the sex-related differences reverse with age when examining mortality due to cardiovascular disease. More males (39%) than females die from heart disease between the ages of 45 and 64. However, after age 65 the death rate due to heart disease in women exceeds that in men by 22% (18) . The combination of these sex-related differences observed in the progression of cardiovascular disease and the increase in mortality in postmenopausal women at the very least deserves more research. Currently, due to the limitations of human studies, the cellular and molecular mechanisms of these differences have yet to be characterized. Therefore, the questions remain: what is the basis for the better prognosis for premenopausal females in heart failure, aortic stenosis, hypertension, and HCM; and, what is the mechanism whereby postmenopausal women have increased mortality compared to their male counterparts? Rodent studies on sex-related differences in the cardiovascular system What can we learn from animal studies about sexrelated differences in heart disease? The literature regarding studies in animals falls into two general categories: (i) studies that deliberately address sex-related differences in the cardiovascular system; and (ii) studies in which the inactivation or manipulation of genes has resulted in the discovery of a sexually dimorphic phenotype. Most of the studies in the first category have involved subjecting wild-type rodents of both sexes to some pathologic or physiologic stimulus and observing how the heart responds ( Table 1) . These studies have generally been consistent with observations in clinical populations. Studies in the second category are beginning to provide the groundwork for understanding the basis for sex-related differences noted in the first category (Table 2) . However, when we examine the animal model literature, there are two important things to note: Firstly, the majority of the literature is devoted to the study of male animals. Most of the basis for this (although not explicitly stated) is that female animals would need to be studied only at a fixed point in the estrous cycle and this would be impractical. A systematic analysis is warranted in order to analyze the cardiac responsiveness of male and female mice to a variety of stimuli and investigate how diet might modify cardiovascular phenotypes (see Phytoestrogens and heart disease).
On the surface however, rodent studies do not always appear to be consistent. It is important to ask whether the inconsistencies are telling us something meaningful. If the experimental rodent literature is examined closely, some of the inconsistencies can be explained because the studies themselves are not comparable. For example, different results have been obtained in comparing contractile performance in male and female rats. One study in papillary muscles from 6-month old rats found that males had significantly slower rates of contraction and relaxation than females (19) . A similar study using the isolated working heart preparation revealed increased cardiac output in males (20) . A third study using younger papillary muscles found no difference between the sexes until animals were 6 months of age (21) . These alleged inconsistencies suggest that it is not possible to compare apples and oranges. It seems clear that the following parameters need to be assessed when trying to compare one study to another: (i) what are the ages of the animals; (ii) what species and what strain were used in the studies; and (iii) how, in the case of function, were the measurements made? For example, is it possible to freely compare cardiac function as assessed by echocardiography with that assessed in an isolated working heart preparation?
In the case of genetically manipulated rodents, most studies have been done in mice, narrowing one of these variables -species. Strain is still an issue, but (57) most investigators now backcross their strains onto the C57B1/6 background. The age of the animals is still a major issue for several reasons. Phenotypes of genetically manipulated mice have been shown to vary over time (as mentioned above with wild-type rats). One striking example describes mice overexpressing the β 2 -adrenergic receptor (β 2 AR). At 2-4 months of age, male β 2 AR mice exhibited enhanced cardiac contractility. Between 8 and 12 months of age the mice developed severe fibrosis and contractile dysfunction (22) . A second, and perhaps more important, issue in correlating rodent and human studies, has to do with extrapolating the time frame of rodent studies to humans. Many of the sex-related differences seen in humans do not emerge until well into adulthood, which in a mouse is roughly equivalent to at least 10-12 months of age. When reviewing the literature, it becomes apparent that many studies have been conducted on rats and mice of 4-6 months of age, so conclusions of a lack of sex-related differences in cardiac phenotypes may be premature. That said, now that more studies are including animals of both sexes, it is clear that sex plays a major role in cardiovascular function in rodents. Figure 1 shows a number of pathways implicated in these sex-related differences. As is obvious from the summary of recent studies that have documented sex-related differences in cardiovascular function of genetically manipulated animals (Table  2 ), in general, females have blunted cardiac responses compared to their male counterparts (or no response in some cases) following manipulation of a number of genes. They also have blunted responses to the inactivation of certain genes. The cardiovascular phenotype observed in females is also blunted or normal in cases of overexpression/activation or expression of a mutation. An augmented response in females has been reported in the case of constitutive activation of Akt, and a worse outcome for females was noted in mice overexpressing alcohol dehydrogenase (ADH).
Sex hormones
Although the role of estrogen in providing cardioprotection is no longer so clear, this is not to say that sex hormones do not have an effect on the cardiovascular system. Functional estrogen receptors (ERs) (α and β) have been demonstrated in ventricular myocardium of both males and females (23) (24) (25) . Both receptors have a similar affinity for17β-estradiol. Estrogen binding has genomic effects as ERs are ligand-activated transcription factors and can activate transcription of a number of genes whose promoter regions contain tandem estrogen response elements (AGGTCANNNTGACCT) (26) . Estrogen also has nongenomic effects. Estrogen has been shown to rapidly decrease calcium current through the L-type Ca 2+ channel in isolated cardiac myocytes (27) . The effect of estrogen on Ca 2+ could be an important regulatory mechanism in cardiac muscle given the central role of intracellular Ca 2+ in sarcomere function. Androgen receptors have also been demonstrated in the myocardium of multiple species, including mice (28). In addition, testosterone has been observed to transcriptionally regulate cardiac gene expression (29, 30) . Gonadectomy is a well-established method to evaluate sex hormone effects on end-organ physiology in animals (31) (32) (33) (34) (35) and has been used to evaluate changes in cardiac myosin heavy chain (MyHC) isoform expression (3, 33-35 ). In gonadectomized rats subjected to swimming or renovascular hypertension, gender-appropriate hormone replacement has been shown to provide a beneficial effect on myosin isoform expression, which is considered a marker for pathologic versus physiologic hypertrophy (32) . In the recent article by O'Connell et al. (3) as described above, a very interesting sex-specific effect was seen in mice null for both the α 1A and α 1B -adrenergic receptors.
Phytoestrogens and heart disease
Another recently emerging issue that needs to be considered in evaluating rodent studies of the cardiovascular system is that standard rodent chow is made of soy and therefore has extremely high levels of the potent phytoestrogens genistein and daidzein (see refs. [36] [37] [38] . Phytoestrogen concentrations in serum from rodents fed a soy-based diet can be exceedingly high (30,000-to 60,000-fold higher than endogenous estrogen) (36) . These phytoestrogens can bind to the estrogen receptor and have potent effects (39) . For example, genistein has a tenfold higher affinity for ERβ and can transcriptionally stimulate estrogen responsive genes (40, 41) . For example, male mice fed genistein have a higher degree of DNA methylation than control mice (39) . Genistein and other phytoestrogens have been shown to exert potent physiologic effects (39, 42) . Genistein, in fact, is routinely used in the laboratory setting to inhibit tyrosine kinase receptors and has been shown to inhibit activation of Akt (43) . This latter property could be very important in the setting of the heart since Akt activation has been shown to cause significant cardiac hypertrophy (44) . Soy-based diets can have an antihypertensive effect on spontaneously hypertensive rats (45) . Male rats on a casein versus soy diet have been shown to exhibit less exercise-induced MyHC degradation in skeletal muscle (46) . Diets containing phytoestrogen also appear to play a cardioprotective role in ischemiareperfusion injury in female rats (47) . Many human food sources such as soy and soy products have a high phytoestrogen content, so there may also be relevance to the human condition. Soy milk can lower blood pressure in men and women (48) and soy protein supplementation can reduce hypertension in perimenopausal women (49) . The Food and Drug Administration recently approved the claim that foods with more than 6.25 grams of soy protein per serving can reduce the risk of heart disease because of its hypocholesterolemic effect (50) . How does a diet with supraphysiologic levels of phytoestrogens impact the cardiovascular phenotypes reported in rats and mice? Since most people in the world have diets that do not have this characteristic, are we really able to extrapolate rodent findings in humans? It seems clear that this is an area of research that needs to be pursued.
Conclusions
Being male or female is a variable that should be dealt with in both basic science and clinical research. It is clear that the response of humans and animals to various disease states can be profoundly affected by the sex of the individual. Further, it is important to recognize that these differences are unlikely to be due solely to sex hormones. For example, some genes on the X chromosome are expressed at higher levels in females than in males, despite the process of X chromosome inactivation. Additionally, males express genes on the Y chromosome, which are clearly not present in females. Given the different outcomes exhibited by males and females in disease, it should be possible to determine which pathways contribute to these differences. There are now many candidate pathways to probe such as calmodulin-dependent protein kinase, Akt, glycogen synthase kinase 3β, and myocyte enhancer factor 2 signaling. The other major issue that needs to be addressed is the evaluation of the results of studies conducted on animals fed a soy diet. I predict that diet will be a strong confounding factor in many of these studies and have an effect on sexually dimorphic cardiovascular phenotypes.
